11 Multicellular organisms perceive and transduce multiple cues to optimize developmental 12 reprogramming and cell state switching. Core transcription factors drive developmental changes, but 13 transitions also require the attenuation of previous states. Here, we demonstrate that the levels of 14 mRNAs of the LATERAL ORGAN BOUNDARIES DOMAIN (LBD)/ASYMMETRIC LEAVES9-LIKE 15 (ASL9) transcription factor are directly regulated by mRNA decapping. Capped ASL9 transcripts 16 accumulate in decapping deficient plants and ASL9 mRNAs are found together with decapping 17 components. Accumulation of ASL9 inhibits apical hook and lateral roots formation and interestingly, 18 exogenous auxin application restores apical and lateral roots in both ASL9 and mRNA decay deficient 19 mutants. Moreover, mutations in the cytokinin transcription factors type-B ARABIDOPSIS 20 RESPONSE REGULATORS (B-ARRs) ARR10 and ARR12 restore these developmental defects of 21 ASL9 overexpression. Thus, the mRNA decay machinery directly targets ASL9 transcripts for decay to 22 balance cytokinin/auxin responses during developmental reprogramming.
reprograming and formation of the apical hook to protect the meristem during germination in darkness 44 (5, 6) as well as lateral root (LR) formation (7) . Loss-of-function mutants in genes that regulate auxin- 45 dependent transcription such as auxin-resistant1 exhibit defective hooking and LR formation (8, 9) . In 46 addition, type-B ARABIDOPSIS RESPONSE REGULATORS (B-ARRs) ARR1, ARR10 and ARR12 47 work redundantly to activate cytokinin transcriptional responses in shoot development and LR 48 formation (10-12). Exogenous cytokinin application disrupts LR initiation by blocking pericycle 49 founder cell transition from G2 to M phase (13). Thus, reshaping the levels of certain transcription 50 factors leads to changes in cellular identity. As cellular reprogramming must be tightly regulated to 51 prevent spurious development, the expression of these transcription factors may be controlled at 52 multiple levels (14). However, most developmental studies focus on their transcription rates and 53 overlook the contribution of mRNA stability or decay to these events (15). 54 Eukaryotic mRNAs contain stability determinants including the 5' 7-methylguanosine triphosphate cap 55 (m7G) and the 3' poly-(A) tail. mRNA decay is initiated by deadenylation, followed by degradation via 56 either 3'-5' exosomal exonucleases and SUPPRESSOR OF VCS (SOV)/DIS3L2 or via the 5'-3' 57 exoribonuclease activity of the decapping complex (16, 17) . This complex includes the decapping 58 enzymes DCP1/2 along with other factors (DCP5, DHH1, VCS, LSM1-7 complex and PAT1), and the 59 exoribonuclease XRN that degrades monophosphorylated mRNA. mRNA decapping complex and 60 mRNAs could aggregate into distinct cytoplasmic foci called processing bodies (PBs) (18, 19) . PAT1 61 (Protein Associated with Topoisomerase II, PAT1b in mammals) promotes PB assembly and activates 62 decapping by binding mRNA and recruiting other decapping components (20-22). 63 4 mRNA decay regulates mRNA levels and thereby impacts cellular reprogramming (23, 24). We and 64 others have shown that the decapping machinery is involved in stress and immune responses (25-30), 65 and that RNA binding proteins can target selected mRNAs for decay (29) (30) (31) . Postembryonic lethality 66 (32) and stunted growth phenotypes (33, 34) associated with disturbance of the decay machinery 67 indicate the importance of mRNA decapping and decay machinery during plant development. 68 However, while much has been learned about how mRNA decapping regulates cellular reprogramming 69 during plant stress responses (29, 30), far less is known about how decapping contributes to plant 70 development. Developmental defects and altered transcriptomes of mRNA decapping deficient mutants 71 are well described: dcp1, dcp2 and vcs mutants display postembryonic lethality whereas lsm1a/lsm1b 72 and dcp5 mutants exhibit abnormal development including cotyledons with disorganized veins. 73 Furthermore, lsm1a/lsm1b are dwarfs and dcp5 displays a delayed growth phenotype (32-34). All these 74 differences suggest that mutations in mRNA decay components may cause pleiotropic phenotypes not 75 directly linked to mRNA decapping and decay deficiencies (26, 35, 36) . For example, it has been 76 proposed that lethality in some mRNA decay loss-of-function mutants is not due to decay deficiencies 77 per se, but to the activation of immune receptors which evolved to surveil microbial manipulation of 78 the decay machinery (26). In line with this, loss-of-function of AtPAT1 inappropriately triggers the 79 immune receptor SUMM2, and Atpat1 mutants consequently exhibit dwarfism and autoimmunity (26). 80 Thus, PAT1 is under immune surveillance and PAT1 function(s) are best studied in SUMM2 loss-of-81 function backgrounds. 82 Here we disrupt the mRNA decapping components PAT1 and its 2 paralogues PATH1 and PATH2 to 83 study the impact of mRNA decay during developmental reprogramming. By disrupting the decapping 84 machinery in the summ2 background (26) we can study this process without autoimmunity disturbance. 85 Our approach, together with analyses of the dcp2 and dcp5 decay deficient mutants, reveals that the 86 decay machinery directly regulates the important developmental regulator ASL9. Thus, when mRNA 87 decay is disrupted, ASL9 accumulates and inhibits cells from forming apical hooks and lateral roots. 88 Moreover, interference with a cytokinin pathway and/or exogenous auxin application restores the 89 developmental defects in both ASL9 over-expressing plants and in mRNA decay deficient mutants. 90 These observations indicate that the mRNA decay machinery is fundamental to cellular reprogramming 91 during developmental decision making. 
Results

93
mRNA decay factors PATS are needed to initiate developmental processes 94 We previously showed that the PAT1 decapping factor localizes in PBs and that the immune receptor 95 SUMM2 is triggered in the absence of PAT1. In addition to PAT1, two other PATs, PATH1 and 96 PATH2, are encoded by the Arabidopsis genome (26). We therefore initially confirmed that the PAT1 97 paralogues PATH1 and PATH2 also localize to PBs and interact with the LSM1 decapping factor ( Fig 1D&E (37) . This cluster analysis of the mRNA decapping deficient mutants showed 112 that i. genes involved in oxidation-reduction are largely misregulated, while ii. transcripts involved in 113 oxidative stress response accumulated, and iii. transcripts responsible for auxin response and signaling, 114 transcription regulation and growth were reduced ( Fig 1D&E) .
115
PATs loss-of-function causes deregulation of apical hooking 116 Our RNA-seq analysis indicates mRNA decay is needed to remove superfluous transcripts which may 117 affect cellular decision making and developmental reprogramming. To assess this, we explored readily 118 scorable phenotypic evidence of defective decision making during development. As apical hooking can 119 6 be induced by exogenous application of ethylene or its precursor ACC, we germinated seedlings in 120 darkness in the presence or absence of ACC (38, 39) . Interestingly, of all lines tested only 121 pat1/path1/path2/summ2 was hookless and unable to make the exaggerated apical hook under ACC 122 treatment (Fig 2A, B&S2A ). This indicates that mRNA decapping is required for the commitment to the ASL9 homologue ASL4 negatively regulates brassinosteroid accumulation to limit growth in organ 141 boundaries, and overexpression of ASL4 impairs apical hook formation and leads to dwarfed growth 142 (43). While ASL4 mRNA did not accumulate in pat1/path1/path2/summ2 mutants, we hypothesized 143 that ASL9 could also interfere with hook formation. We therefore analyzed mRNA levels of ASL9 in 144 ACC treated seedlings and verified that pat1/path1/path2/summ2 accumulated at least 2-fold higher 145 levels of ASL9 transcript compared to any other lines ( Fig 3A, S2C ). Concordantly, an over-expressor 146 line ( Fig 3B) of ASL9 (Col-0/oxASL9) (44) also exhibited a hookless phenotype ( Fig 3C&D) . These 147 7 results indicate that apical hook formation in pat1/path1/path2/summ2 is compromised due to 148 misregulation of ASL9. 149 To determine whether ASL9 is a target of the decapping complex, we assayed for capped ASL9 150 transcripts in ACC and mock treated pat(s) mutants. By calculating the ratio between capped versus 151 total ASL9 transcripts, we verified that with ACC treatment, pat1/path1/path2/summ2 accumulated 152 significantly higher levels of capped ASL9 transcripts than all lines but pat1/path2/summ2 ( the mRNA decay machinery is involved in these processes. We therefore examined apical hook and LR 171 formation in 2 other mRNA decay deficient mutants, dcp2 (32) and dcp5 (33). Etiolated 4-day old dcp2 172 and dcp5 seedlings also exhibited a hookless phenotype (Fig 4A& B ). Since dcp2 mutants are 173 8 postembryonic lethal, we used seeds from a parental heterozygote but genotyping showed all hookless 174 seedlings were dcp2 homozygotes ( Fig S5A) . Similar to observations in pat1/path1/path2/summ2, 175 ASL9 expression is not affected by ACC treatment of dcp2 and dcp5 seedlings while expression is 176 lower in ACC treated Col-0 seedlings compared to untreated controls ( Fig 4C) . In line with this, capped 177 ASL9 transcripts also accumulate in ACC treated dcp2 and dcp5 seedlings ( Fig 4D) and LR formation 178 is also significantly reduced in dcp5 mutants ( Fig 4E& F) . Thus, regulation of ASL9 transcript levels 179 involves core components of the mRNA decapping machinery. To test this, we examined the developmental phenotype of ASL9 over-expressors in arr10/arr12 189 mutants (10). Interestingly, both apical hooking and lateral root formation phenotype were largely 190 restored in this background ( Fig 5&S5B) . We also applied exogenous auxin to mRNA decay mutants 191 pat1/path1/path2/summ2 and dcp5 and Col-0/oxASL9. This showed that 0.2 µM IAA could partially 192 restore LR formation in pat1/path1/path2/summ2 and dcp5 while 2 µM IAA could partially restore LR 193 formation in Col-0/oxASL9 ( Fig S6) . These findings indicate that the mRNA decay machinery targets 194 ASL9 to keep cytokinin/auxin responses balanced during development. 196 Cellular reprograming requires massive overhauls of gene expression (48). Apart from unlocking 197 effectors needed to install a new program, previous states or programs also need to be terminated (14). 198 We report here that mRNA decay is required to unlock cellular states during development. The stunted 199 growth phenotype and downregulation of developmental and auxin responsive mRNAs in the this, we and others observed that mRNA decay deficient mutants are impaired in apical hooking ( Fig   204   2A , B, 4A&B) and LR formation ( Fig 3G, H, 4E&F ) (34, 49). Interestingly, among the transcripts 205 upregulated in these decay deficient mutants was capped ASL9/LBD3 (Fig 3A&4C) , which is involved 206 in cytokinin signaling (44). Cytokinin and auxin act antagonistically (50), and cytokinin can both 207 attenuate apical hooking (51) and directly affect LR founder cells to prevent initiation of lateral root 208 primordia (52). Our findings that defective reprogramming during those developmental events in 209 mRNA decay deficient mutants involves ASL9 was supported by our observation that ASL9 mRNA is 210 directly regulated by the decapping machinery and that oxASL9 transgenic lines cannot reprogram to 211 attain an apical hook or to form LRs (Fig 3) . In line with this, we speculate that the inability to 212 terminate cytokinin dependent programs prevents the correct execution of auxin-dependent 213 reprograming in mRNA decay deficient mutants. This is supported by the observation that treating 214 pat1/path1/path2/summ2, dcp5 and Col-0/oxASL9 with exogenous auxin partially restores LR 215 formation ( Fig S6) , and that the defects in both apical hooking and LR formation of ASL9 over-216 expressing plants are largely restored by internally knocking out the cytokinin signaling activator genes 217 ARR10 and ARR12 (Fig 5) . 218 Constitutive ASL9 expression is sufficient to suppress apical hook and LR formation, and the 219 accumulation of capped ASL9 transcripts in pat triple mutants after ACC treatment indicates that all 220 three PATs can target ASL9 for decay. Our observation that all three PATs can re-localize to PBs in the data is needed to conclude whether SOV can directly regulate ASL9 mRNA levels, we have shown that 229 10 ASL9 is a target of the mRNA decapping machinery. The function of PBs in mRNA regulation has 230 been controversial since mRNAs in PBs may be sequestered for degradation or re-enter polysomal 231 translation complexes (55). Recent study has confirmed that PBs function as mRNA reservoirs in dark-232 grown seedlings (49). However, our finding of direct interaction of ASL9 transcripts and the PATs, 233 together with the accumulation of capped ASL9 in mRNA decay mutants, indicates that ASL9 234 misregulation in pat1/path1/path2/summ2, dcp2 and dcp5 mutants is due to mRNA decapping 235 deficiency ( Fig 3A, E, F&4A-D) . arr10/arr12 has also been described (10, 32, 33). The T-DNA line for PATH1 (AT3g22270) is 243 Salk_097409 with an insertion in the 5'-UTR and that for PATH2 (AT4g14990) is Salk_110349 with 244 an insertion in the last exon. Primers for newly described T-DNA lines are provided in Table S1 . 245 pat1/path1/summ2 and path2/summ2 mutants were generated using CRISPR/CAS9 following standard 246 procedures with plasmid pHEE401 containing an egg cell-specific promoter to control CRISPR/CAS9 247 (58). Cas9-free T2 plants were used in crosses to produce path1/summ2, pat1/path2/summ2, Table S1 278 Total RNA was extracted from 6 week-old soil grown plants using the NucleoSpin® RNA Plant kit 334 (Machery-Nagel). RNA quality, library preparation and sequencing were performed by BGI. RNA-seq 335 reads were mapped to the Arabidopsis thaliana TAIR10 reference genome with STAR (version 2.5.1b) 336 using 2-pass alignment mode(66). The read counts for each gene were detected using HTSeq (version 337 0.5.4p3)(67). The Araport11 annotation was used for both mapping and read counting. The counts were 338 normalized using the TMM normalization from edgeR package in R. Prior to statistical testing the data 339 was voom transformed and then the differential expression between the sample groups was calculated 340 with limma package in R. Genes with fold change ≥2 or ≤-2 and P-value ≤0.01 are listed in Data File 341 S1. Functional Annotation Tool DAVID Bioinformatics Resources 6.8 has been used for GO term 342 analysis (37). 
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